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Abstract: The present work explored a catalytic transfer hydrogenation process with
several supported noble metal on carbon as catalysts for the production of
y-valerolactone (GVL) from methyl levulinates (ML) in iso-propanol (2-PrOH) and
the performance of the commercial 5%Ru/C in continuous flow were investigated,
GVL yields up to 83% at 150°C (40 bar) using a high load (0.4 M ML) feed at
0.8mL/min flow rate. The catalyst productivity (Pr) equal to 0.99 mol g'! h'!. Methyl
4-hydroxypentanoate (MHP) were produced as major side product in lower amounts

in continuous flow mode. Long-term (9h) catalyst stability experiment showed good
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stability under optimum condition. The yield of GVL obtained from ethyl levulinate,
butanol levuliante and levulinate acid were ca.21%, 54% and 26% less than ML in
2-PrOH and Pr were 0.43, 0.73 and 0.48 less respectively. There is no obvious

hydrogenation process when changed 2-PrOH to ethanol and 1-butanol.

Keywords: Continuous flow, alkyl levulinates, y-valerolactone, 5%Ru/C

1. Introduction

The rapid developments in industry and transportation all over the world have led
to a drastic increase in the demand for fuels. The gradual depletion of fossil fuel
resources has stimulated the global efforts to search for alternative sources. Biomass
is an abundant and renewable alternative resource that is the best candidate to replace
fossil fuels for the sustainable production of energy [1-5], as well as chemicals [6-11].
The development of efficient processes to convert biomass resource into liquid fuels
and valuable chemicals is a key research area in the next few decades [12-19]. Recent
advances in the field of catalytic valorization of lignocellulose for the sustainable
production of bulk chemicals and fuel additives have been reported [20].
v-Valerolactone (GVL) as one of the most appealing molecules shows a very
promising versatile intermediate for production of fuel additives, a renewable solvent,
food ingredient, liquid fuel, and ideal precursor for the production of more valuable
chemicals [21,22] in a wide range of applications (e.g., cutting oils and brake fluids)
[23]. Due to very high interest towards GVL, its efficient production is currently a

topic of intensive research.



The production of GVL from biomass has received extensive research interests.
Starting from cellulose and hemicellulose [19], successive hydrolysis,
dehydration/rehydration and then hydrogenation furnished GVL. The use of
intermediates such as carbohydrate [24, 25], 5-hydroxymethylfurfural and furfuryl
alcohol (FA) [26] was also developed efficiently for the production of GVL (Scheme
1). The hydrogenation of levulinic acid (LA) to GVL using heterogeneous and
homogeneous catalysts in combination with molecular hydrogen has been studied
extensively [27,28]. Unfortunately, the synthesis of LA in acidic aqueous media has
got some drawbacks: production of a large amount of waste, a high cost for mineral
acid recovery, humin formation and a rather difficult separation of the highly polar
molecule LA [29, 30]. Comparatively, the hydrogenation of alkyl levulinates (AL) to
GVL is more attractive because AL was obtained in better yield with a more efficient
separation process. Thus, it is meaningful to establish a new integrated route to
produce GVL from hemicellulose via successive formation of xylose, furfural, FA

and AL.



Scheme 1. Production of biomass-derived GVL from cellulose (in green) and

hemicellulose (in blue) via AL as a common intermediate.

Molecular hydrogen (Hz) is widely used as the reductant for catalytic
transformation of LA or AL to GVL whether in batch or continuous flow [27, 28, 31].
Recently, heterogeneous catalytic transfer hydrogenation (CTH) of bio-based
compound in the presence of hydrogen donors (e.g. 2-PrOH) has emerged [32]. CTH
is more attractive for techno-economic point of view but also because the interphase
transfer is improved (solid/liquid for ROH vs. solid/liquid/gas for H»). Furthermore it
offers a simple, efficient and safe option for the valorization of biomass derived
molecules using abundant and inexpensive alcohols as hydrogen source and solvent as
compared to H> [33-35]. Various metal catalysts have been demonstrated to have
good activities for the conversion of AL and LA to GVL using CTH process.

Kobayashi et al. reported a CTH process for the conversion of cellulose to sugar



alcohols over supported Ru/C as the catalyst and 2-PrOH as the hydrogen donor [36].
Batch microwave-assisted hydrogenation as alternative technology was studied for the
conversion of LA and AL to GVL through catalysts screening experiments (Pt/C,
Pd/C, Rh/C, Cu/C, Ni/C and Ru/C) and ruthenium exhibited the highest activity [37].
Heterogeneous Zr-based catalysts, such as ZrO> [38], hydrated zirconia
(ZrO(OH)2-xH20) [39] and Zr-beta [40] having amphoteric nature permitted to
produce GVL in good productivity.

Continuous flow chemistry as alternative technology offers significant processing
advantages including improved thermal management, mixing control, application to a
wider range of reaction conditions, scalability, energy efficiency, waste reduction,
safety, use of heterogeneous catalysis, multistep synthesis and much more [41-55]. In
the context to develop new green process, few works on the production of GVL in
continuous flow have been reported [31, 42]. Starting from LA, the use of
heterogeneous 5% Ru/C in the presence of sulfonated phosphine as ligand and
hydrogen under 10 bar at 140 °C permitted the production of GVL in continuous flow
with a high productivity (0.8 mol g h'!) [31]. In parallel, our group described a high
GVL productivity via CTH with Zr-based catalyst (0.0923 mol g'! h'!) starting from
methyl levulinate (ML) in the presence of functional metal organic framework at
elevated temperature (240°C)in continuous flow [42]. To date, an outstanding of the
continuous flow catalytic transfer hydrogen process to produce GVL from AL is
requested. In this context, the present work tested some commercial catalyst: 5%Ru/C,

5%Pd/C, 10%Pt/C and 5% Ru/Al;Os for a continuous flow conversion of biosourced



ML to GVL using CTH process.

2. Materials and methods

2.1. Materials

Methanol (MeOH, > 99.9%), propan-1-ol (1-PrOH, > 99.5%), propan-2-ol
(2-PrOH, > 99.5%), ML (99%), GVL (99 %) and n-decane (> 99%) were purchased
from Sigma-Aldrich and further used without purification. ML feedstocks of 0.2, 0.4
and 0.8 M were prepared by dissolving 2.602 g, 5.204 g and 1040 g ML in
propan-2-ol (100 mL) in a volumetric flask using n-decane (5.0mg/mL) as external
standard. The commercial 5%Ru/C, 5%Pd/C, 10%Pt/C and 5% Ru/Al,O3 were

purchased from Sigma-Aldrich and further used without purification.

2.2. General procedure for the synthesis of GVL in continuous flow experiment

The experiments were carried out in a high-temperature high-pressure H-Cube
Pro™ Flow Reactor ThalesNano™, Hungary (Figure S1), connected to a HPLC pump
to supply a continuous feed of ML (0.2-0.8 M) in 2-PrOH, MeOH or 1-PrOH. A 70
mm CatCart cartridge (0.88 mL empty volume) was packed with 330 mg catalyst by
applying vacuum suction at the bottom of the cartridge. The total flow through
volume (including feed, reactor and product sections) was 6 mL. First, pure 2-PrOH,
MeOH or 1-PrOH was pumped through the system and then the feed was changed to
the ML feedstock. The flow was continued until the temperature (100-150 °C) and
hydrodynamic pressurization (0-50 bar) of the reactor module were reached. Then, in

function of the flow rate (0.2-0.8 mL min!), the reaction proceeded during a certain



time (12-50 min) before collecting the first sample (time zero). Further samples were
collected after regular time intervals.
Identical procedure was done starting from ethyl levulinate (EL) and butyl

levulinate (BL).

2.2. Product analysis

GC-FID analysis was performed on a gas chromatograph (HP, 14009 Arcade, New
York, United States) coupled with a FID detector equipped with a Supelco 2-8047-U
capillary column (15 m x 0.25 mm i.d. and 0.25 um film thickness, Alltech Part
No0.31163-01). H> was used as carrier gas at 1 mL min' flow rate. The samples were
injected directly onto the column using septum-equipped programmable injector (SPI)
system. The temperature of the injector was set 250 °C and the oven started at 70 °C,
held for 1 min, raised to 250 °C at a rate of 20 °C min', held for 10 min. The
ionization mode was FID (70 eV, 300 pA, 250 °C). The identification of the
compounds was performed by comparison of the retention times with pure standards
and by GC/MS analysis. The solvent delay time was 0.90 min. The retention times of
GVL, ML, EL, BL, methyl 4-hydroxypentanoate (MHP), ethyl 4-hydroxypentanoate
(EHP), butanol 4-hydroxypentanoate (BHP) and LA, n-decane were 3.58 min, 3.39
min, 3.92 min, 5.21 min, 3.69 min, 4.16 min, 5.44 min, 4.98 min, 2.30 min.
respectively. The response factors (RF) of ML and GVL relative to a fixed
concentration (5.0 mg/mL) of n-decane as internal standard were experimentally

determined at 3.62 and 3.01, respectively. The linear regression coefficients of the



calibrations were high in all cases (r* > 0.99). The RF for MHP, EHP and BHP were
calculated according to the Effective Carbon Number (ECN) method [56], based on
the RF and ECN factor of ML (3.75), EL (4.75), BL (6.75) and the ECN factor of
MHP (4), EHP (5), BHP (7).

Mass spectra were record on a Hewlett-Packart HP 5973 mass spectrometer via a
GC/MS coupling with a Hewlett-Packart HP 6890 chromatograph equipped with a
capillary column HP-5MS (50 m x 0.25 mm i.d. and 0.25 pum film thickness, Alltech
Part No.31163-01). lonisation was performed by electronic impact (EL, 70 eV). Mass
spectra are reported as m/z (% of relative intensity).

Proton nuclear magnetic resonance ('"H NMR) spectra were recorded using a Bruker
AC 300 (300 MHz) or a Bruker AC 400 (400 MHz). The chemical shifts are
expressed in parts per million (ppm) referenced to residual chloroform (7.26 ppm).
Carbon-13 nuclear magnetic resonance ('*C NMR) spectra were recorded using a
Bruker AC 300 (75 MHz) or a Bruker AC 400 (100 MHz). The chemical shifts are
expressed in parts per million (ppm) relative to the centre line of the triplet at 77.16

ppm for CDCl3

The yield and conversion in continuous flow were calculated according to egs. (1) -

2):

CP Product

() Yield (%) = ————
° CMLFeed

X 100 (Continuous flow)

CMLitiaqr — CMLE;
(2) Conversion (%) = [ [nitial Final] X 100 (Continuous flow)
CMLInitial




CML and CP are the concentrations of ML and product (mol/mL). The total
volume in the system of the continuous flow experiments was assumed to remain
constant during the experiments (no evaporation loss). All results (conversion and
yield) are expressed as molar percentages. The metal-based catalyst productivity
(mol(GVL) g(metal)"*h™1) was calculated using eq. (3):

(3 Productivity (mol g~th™1)

) [Flow rate (mL min™') X 0.06 X ML concentration (M) XY ied(

Catalyst metal mass (g)

3. Results and discussion
3.1. Catalyst activity screening experiments

Continuous flow chemistry generally offers a better control and allows a higher
flexibility in reaction conditions, which typically require optimization to improve the
conversion and selectivity. 2-PrOH has been reported as an active hydrogen donor,
which could provide good conversion and product selectivity when compared with
other primary alcohols such as methanol, ethanol, 1-propanol [57, 58]. Thus, 2-PrOH
was selected as hydrogen donor for CTH of ML under continuous flow conditions.
Starting from ML (0.2 M) in 2-PrOH at 130 °C, four commercial catalysts 5%Pd/C,
5%Ru/C, 5%Ru/Al,O3 and 10%Pt/C were tested for the two successive steps:
hydrogenation and lactonization aiming to reach high GVL yields (Fig. 1). The blank
experiment (activated carbon as catalyst) did not give any ML conversion whatever

the residence time (0-120 min). However, when the tested noble metals were



supported on activated carbon GVL was obtained in moderate to good yield. In our
hands, the highest GVL yield (89%) was achieved in the presence of 5%Pd/C with 10%
higher than that with 5% Ru/C. Nevertheless, 5% Ru/C was used for the next step of
our optimization since this catalyst permitted to have the highest GVL productivity

(0.2 mol g h'!"). This result was in accordance with that reported in the literature [59].
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Fig. 1. Effect of catalysts and residence time on (a) the GVL yields and (b) on the
productivity. Reaction conditions: ML (0.2 M), catalyst (0.88 cm?® of the CatCart

cartridge), 2-PrOH, 130 °C, 20 bar, 0.4 mL min’!.

3.2. Effect of reaction temperature for the production of GVL

In a first step, the effect of reaction temperature (100-150 °C) was studied using
ML (0.2 M) at 20 bar in a continuous flow system (0.4 mL min™') (Fig. 2). Whatever
the temperature, ML furnished two main compounds: GVL and MHP (Fig. S2) and
unidentified side compounds with a full conversion. With the increase of reaction
temperature from 100 °C to 150 °C, the GVL yield and productivity (Pr) increase
from 30% to 85% yield and from 0.084% to 0.254%, respectively. It was obvious that
the MHP yield decrease from 60% to 8% with the increase of temperature because the

lactonization of MHP to GVL was favored at higher temperature [60]. Whatever the



temperature used, the amount of side products was almost similar (3%). Among them,
isopropyl 4-hydroxypentanoate obtained by transesterification between ML and
2-PrOH was identified (Fig. S3). Besides, the 5%Ru/C catalyst showed an excellent
catalytic stability at the temperatures investigated. Due to the maximum temperature
limitation of H-Cube Pro™ Flow Reactor, higher reaction temperature than 150°C
was not available.

B GVL Yield mMHP Yield = Others

Pr=0.084 Pr=0.184 Pr=0.230 Pr=0.254

100

80

§ 60
]
2

- 40

20

0

100 C 130°C 140°C 150°C

Reaction temperature(C)

Fig. 2. Effect of reaction temperature on GVL productivity and products yield in
continuous flow process. Reaction conditions: ML (0.2 M), 5% Ru/C (330 mg),

2-PrOH, 20 bar, 0.4 mL min™'.

3.3. Effect of reaction pressure for the production of GVL
The effect of hydrodynamic pressure (20, 40, 60 bar) at 150 °C was also

investigated for 120 min, which corresponded to the processing capacity 58 mL (120



min x 0.4 mL min™ + 10 mL) in continuous flow (Fig. 3). Whatever the pressure used,
full conversion of ML was obtained. The yield of GVL was improved ca. 7% with the
increase of reaction pressure from 20 bar to 40 bar and the yield of MHP decreased
5%. With a higher pressure (60 bar vs 40 bar), no apparently changes of GVL and
MHP yields were observed. From the point of energy conservation, the pressurization

was set as 40 bar for the following optimization reactions.

. @ 20barGVLYield -A- 40bar GVLYield - 60bar GVL Yield
B 20,40,60bar ML Con
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Fig. 3. Effect of hydrodynamic pressure on GVL productivity and products yield and
productivity in continuous flow process. Reaction conditions: ML (0.2 M), 5% Ru/C

(330 mg), 2-PrOH, 150 °C, 20-60 bar, 0.4 mL min™".

3.4. Effect of flow rate for the production of GVL



The effect of flow rate (0.2, 0.4 and 0.8 mL min') on GVL and MHP yields at
150 °C and 40 bar in the presence of 5%Ru/C was studied and compared at different
processing capacity (10 mL to 58 mL) (Fig. 4). Whatever the flow rate used, ML was
fully converted. With a low flow rate (0.2 mL min!), the highest GVL yield was
achieved (95% yield) with only 5% MHP. As expected, the decrease of residence time
implying by the increase of the flow rate afforded a lower GVL yield (87-92% vs 95%)
and a higher MHP yield (6-8% vs 2%). It was obvious that a lower flow rate offered a
longer residence time, which favored the reactant contact with the Ru catalyst. In term
of productivity, a short residence time with 0.8 mL min™' flow rate gave a better result
compared with a long residence time obtained with 0.2 mL min™! flow rate (0.551 vs
0.131). Nevertheless, the presence of MHP as side product was a limiting step of the
process and required more energy for the work-up and purification. Therefore, the
flow rate of 0.2 mL min™' with only 2-3 % of MHP was choose for the next step of the

optimization.
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Fig. 4. Effect of flow rate on GVL productivity and products yield in continuous flow
process. Reaction conditions: ML (0.2 M), 5% Ru/C (330 mg), 2-PrOH, 150 °C, 40

bar, 0.2-0.8 mL min’.

3.5. Effect of the concentration of ML for the production of GVL

With the perspectives to obtain a higher productivity and to have a solvent
economy, variation of ML concentration was studied. In the present work, ML
feeding rate was kept constant (0.16 mmol min') and ML concentration was
increased while flow rate was decreased (Fig. 5). Although the ML feeding rate was
constant the conversion of ML, yields of GVL and MHP were different between 0.2

mL min"! and 0.4-0.8 mL min!. With a low flow rate (0.2 mL min™'), the conversion



of ML was lower than that obtained with a flow rate of 0.4-0.8 mL min” (90% vs
100%). Similar observations were observed with the GVL yields (80% vs 87-90%)
and the MHP yields (6% vs 9%). Whatever the flow rate, these experiments showed
that the target GVL and the acyclic MHP were obtained as the main chemicals and as
the minor chemicals, respectively. The best results obtained using 0.8 mL min"! and
ML (0.2 M) can be explained by a short residence time and low concentration of
starting material. The reactant adsorption on catalyst surface as well as the desorption
of the target product were more efficient and favor high mass transfer rate. With ML
concentration (0.2 M and 0.4 M), almost the same GVL productivity (ca. 0.55)
because similar ML conversion and GVL yield were achieved. From the point of
saving solvent, higher feedstock concentration could be a better choice. ML feeding
rate was increased to 0.32 mmol min"!' (ML 0.4 M and flow rate 0.8 mL min™). The
conversion of ML (98%) and the yield of GVL (85%) with ca.11% MHP yield were
obtained and the productivity (0.99 mol g!' h') was remarkably superior to several

systems in previous report (Table 1).
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Fig. 5. Effect of flow rate and substrate concentration with a constant ML feeding rate
on GVL and MHP yields in continuous flow process. Reaction conditions: ML

(0.2-0.8 M), 5% Ru/C (330 mg), 2-PrOH, 150 °C, 40 bar, 0.2-0.8 mL min™'.

Selected works describing the production of GVL from LA or AL in the presence
of hydrogen source and 5% Ru/C as catalyst in either batch reactor with or without
microwave radiation or continuous flow reactor were described (Table 1). CTH using
formic acid and 2-PrOH gave not good productivity even the yield of GVL can reach
93% yield (Table 1, entries 1 and 2). It was noteworthy that the use of high
concentrated solution of ML (1.4 M vs 0.43 M) and higher pressure of H> (30 bar vs

12 bar) permitted to have a better productivity (2.25 mol g' h'! vs 1.12 mol g' h'!)



(Table 1, entries 3 and 4). Due to practical considerations, microwave-assisted
hydrogenation of LA and AL was studied in batch reactor and not in continuous flow
reactor. In this context, the use of 2-PrOH and LA as well as ML permitted to produce
GVL with a good productivity (> 2 mol g! h') (Table 1, entries 5 and 6).
Unfortunately, when the alkyl chain was higher than one carbon atom the productivity
decreased drastically (Table 1, entries 7 and 8). Starting from LA in the presence of
2-BuOH the microwave-assisted organic synthesis did not furnished GVL with good yield but
the productivity was significant (1.92 mol g! h') (Table 1, entry 9). In accordance with
literature, microwave-assisted reaction permitted to have a short reaction time (30 minutes).
The main problem of this process was the formation of side compounds, which limit their
further utilization. For continuous flow as alternative technology, the production of GVL was
studied using hydrogenation and CTH processes. Whatever the pressure used, LA furnished
GVL in good to excellent yields with a productivity lower than 0.9 mol g! h'! (Table 1,
entries 10-12). Starting from AL such as BL in the presence of primary alcohol
(1-BuOH) as hydrogen donor, the productivity decreased ten times (0.085 mol g h!
vs 0.832 mol g! h'!) (table 1, entry 13). Our optimized process (ML (0.4 M), 5%Ru/C
(330 mg), 2-PrOH, 150 °C, 40 bar, 0.8 mL min™') furnished the target lactone in 83%
yield with a productivity of 0.99 mol g! h'!, which is the best reported in the literature

for a continuous flow process.



Table 1

5%Ru/C as catalysts reported for the conversion of LA and AL to GVL.

Entry Starting material H source Temperature Time Yield of GVL Productivity of GVL Ref
M) O (h) (%) (mol g h™)
1? LA (2M) Formic acid 150 5 21 0.084 [61]
28 EL (7.8 M) 2-PrOH 80 9 93 0.31 [35]
3@ ML (0.43 M) H: (12 bar) 130 2.7 87 1.120 [62]
42 ML (1.4 M) H: (30 bar) 120 5 82 2.250 [60]
5° LA (0.43 M) 2-PrOH 140 0.5 41 2.820 [37]
6° ML (0.43M) 2-PrOH 140 0.5 34 2.330 [37]
7° EL (0.43M) 2-PrOH 140 0.5 6 0.412 [37]
8P BL (0.43 M) 2-PrOH 140 0.5 24 0.165 [37]
9° LA (0.43 M) 2-BuOH 140 0.5 28 1.926 [37]
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 conventional heating in batch reactor.

® microwave-assisted reaction (300 W) in batch reactor.

¢ conventional heating in continuous flow reactor.

d residence time/min.



3.6. Effect of the nature of the alkyl levulinate (AL) for the production of GVL

Among the different results obtained with 5% Ru/C as catalyst, our optimized
conditions (ML (0.4 M), 5% Ru/C, 2-PrOH, 150 °C, 40 bar, 0.8 mL min™') was
selected and variation of the nature of the alcohol was investigated (Table 2). With the
increase of carbon atoms (from CI1 to C4) (Table 2, entries 1-3), the yield of GVL
decreased from 85% to 31% while the intermediate AHP yield increased from 13% to
63%. As a consequence, the productivity decreased from 0.99 to 0.25 mol g!' h'!. In
accordance with the literature, the subsequent reduction of the ketone to the
corresponding alcohol and the lactonization were facilitated with an AL having a little
molecular weight [60]. When the carboxylic acid LA was used as starting material,
GVL was obtained in 59% with a low conversion (67%) but the productivity was

similar to that starting from EL (ca. 0.5 mol g! h'!) (Table 2, entry 4).

Table 2

Effect of AL molecular weight as starting material for the production of GVL.?

Entry AL Conversion GVL yield AHP yield Productivity
(%) (%) (%)" (mol g h'h)

1 ML 99 85 13 0.99

2 EL 95 64 31 0.55

3 BL 94 31 63 0.25

4 LA 67 59 6° 0.50




# Reaction conditions: ML (0.4 M), 5% Ru/C (330 mg), 2-PrOH, 150 °C, 40 bar, 0.8
mL min’.
® AHP for alkyl 4-hydroxypentanoate.

¢ 4-hydroxypentanoic acid.

3.7. Stability of the catalyst for the production of GVL

Further catalyst stability experiments were performed using our optimized
conditions. The conversion remained stable over 9 hours at least, the yields of GVL
and MHP were ca.83% and 10 %, respectively (Fig. 6). In our lab-scale process, the

stability of 5% Ru/C catalyst was good.

B ML Conversion(%) ™GVL Yield(%) &MHP Yield(%)
100

)
)
OIIIIIIIIIIII

Omin 30min 1,5h

S 2 =

Conversion and yield(%)

Reactlon t1me(h)

Fig. 6. Operational stability of the catalyst 5% Ru/C in continuous flow alcoholysis of
ML. Reaction conditions: ML (0.4 M), 5% Ru/C (330 mg), 2-PrOH, 150 °C, 40 bar,

0.8 mL min™".



4. Conclusion

This works reports a new efficient process using commercial heterogeneous catalyst
5% Ru/C for the production of y-valerolactone (GVL) in continuous flow from either
levulinic acid (LA) or alkyl levulinates (AL). After the investigation of methyl
levulinate (ML) experiment parameters (reaction temperature, pressure, flow rate,
starting material concentration), the optimization condition was at ML (0.4 M) in
2-PrOH, 5% Ru/C(330mg), 150 °C, 40 bar, flow rate=0.8 mL min’!. Feedstock were
fully converted with 85% GVL yield, and 13% methyl 4-hydroxypentanoate (MHP)
yield, with the highest productivity is 0.99 mol g! h!. Effect of the nature of the AL
experiments showed the lactonization were facilitated with shorter AL alkyl chains.
Finally 5%Ru/C shows good stability in 9 h cycle experiments.
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